To gain insight into the regulatory networks controlling Drosophila neural-identity decisions, we have identi®ed new neuronal precursor genes by performing an in situ hybridization screen of differentially selected embryonic head cDNAs. Here, we describe the molecular characteristics and expression pro®le of ner®n-1, a novel pan-neural precursor gene. This paper also documents the embryonic expression of another structurally related gene, ner®n-2. During early CNS development, ner®n-1 gene expression is activated in neuroblasts (NBs) prior to lineage formation. However, after early sublineage development, ner®n-1 expression shifts from NBs to ganglion mother cells (GMCs) but is not expressed in neurons or glia. Differing from ner®n-1, ner®n-2 is expressed only in a subset of brain neurons. Possessing a conserved putative DNA-binding domain, the predicted Ner®n-1 and -2 proteins belong to a subfamily of Zn-®nger transcription factors with cognates identi®ed in nematode, mouse and man. q
Results and discussion
The processes regulating neural-fate decisions are only partially understood (reviewed by Anderson and Jan, 1997) .
To learn more about such mechanisms governing Drosophila CNS development, we have characterized novel genes that are dynamically expressed during the generation of neural lineages. The neuronal precursor genes were identi®ed in a differential expression screen of a cDNA library prepared from 8.5 h old (stage 11) embryonic heads.
Full-length sequence analysis of one of these novel cDNAs and an overlapping cDNA obtained from the Berkeley EST Project (LD18634.5) revealed that they correspond to a previously uncharacterized gene that codes for a 469 aa Zn-®nger protein (Genbank accession nos. AF203690 and CG13906). Database homology searches for related Drosophila proteins have uncovered an additional uncharacterized gene (Genbank nos. AC009183; CG12809). The two predicted proteins show high homology in their Zn-®nger motifs. Based on the observation that both are expressed only in the nervous system and that they encode related proteins, the genes were named ner®n-1(located at 61E1) and ner®n-2(at 85F),`Ner®n' refers to nervous ®nger.
Homology searches of other genomes have revealed that the ner®ns belong to a highly conserved Zn-®nger gene subfamily marked by the proteins' ®rst two Zn-®ngers, termed here the EIN domain (pronounced EE-in) after the ®rst three identi®ed proteins: the nematode Egg laying mutant, Egl-46 (Genbank no. U64853); the human Insulinoma associated protein, IA-1 (Goto et al., 1992) ; and the Drosophila Ner®n-1 (Fig. 1) . Alignment of all known EIN domains shows that homology is highest in the predicted Zn-®nger alpha helical DNA reading heads, suggesting that they may have similar, if not identical, DNA-binding speci®city. Crystallographic analyses of other Zn-®nger protein-DNA complexes have demonstrated that amino acids within each ®nger's alpha helix play key roles in conferring DNAbinding speci®city (Elrod-Erickson et al., 1996) . Comparison of the complete primary structures of the known EIN domain proteins reveals that they contain one to three additional Zn-®ngers and also harbor other motifs found in developmentally important transcription factors (Fig. 1A) .
The dynamics of ner®n-1 expression were assessed in embryos and in larval tissues by in situ hybridization (Figs. 2±4) . ner®n-1 transcript localizations were also sequentially followed with immunostaining for known neuronal precursor proteins to con®rm the identity of ner®n-1 positive cells and to more accurately assess ner®n-1 expression dynamics during embryonic develop- (Figs. 2 and 3) . ner®n-1 expression is ®rst detected in delaminating ventral cord neuroblasts (NBs) at late stage 7. However, the onset of ner®n-1 expression in the early delaminating NBs is not synchronous and the apparent levels of NB expression also vary (as judged by the in situ hybridization signal). During early sublineage formation, ner®n-1 expression is detected in all Hunchback (Hb) immuno-positive NBs (Figs. 2B1 and 3A, and data not shown) and in their ®rst born GMCs (Fig. 3A) , but no expression is detected in Hb positive neurons (Fig. 3B) . During early CNS sublineage development, the apparent steady state levels of ner®n-1 expression varied among NBs. In situ signal intensity differences were observed between segmental homologue NBs and between different NBs (Fig. 2) .
NB expression of ner®n-1 mRNA is transient. Starting at stage 9, there is a progressive loss of ner®n-1 in situ hybridization signal in both ventral cord and cephalic lobe NBs. Coincident with the loss of ner®n-1 NB expression is the onset of its expression in nascent GMCs . During the temporal phase of NB sublineage formation marked by castor (cas) expression (Kambadur et al., 1998) , Cas positive NBs lack detectable ner®n-1 expression; however, their Cas positive GMCs express ner®n-1 (Fig.  3C,D) . ner®n-1 expression reaches its maximum during stages 11 though 12 (Fig. 2F ). However, starting at embryonic stage 13, there is a progressive decline in the number of ner®n-1 positive GMCs. This reduction in ner®n-1 expression correlates with the overall completion of embryonic NB lineage formation. ner®n-1 mRNA is also expressed in larval GMCs during adult CNS development (Fig. 4A ). ner®n-2 spatial/temporal expression dynamics are different from those of ner®n-1; ner®n-2 transcripts were detected only in a subset of cephalic lobe neurons (Fig. 5) . No ner®n-2 expression was observed in the larval brain or imaginal discs.
In the developing PNS, ner®n-1 expression is observed in putative primary and secondary sensory organ precursors (SOPs) (Fig. 2E) . The activation of ner®n-1 expression in these cells correlates spatially and temporally with the birth of SOPs (Bodmer et al., 1989) . Following stage 13, there is a rapid reduction in the number of ner®n-1 positive PNS and CNS cells, indicating that ner®n-1 is not expressed in postmitotic neurons or glia. During larval development, ner®n-1 Fig. 1 . The ner®ns belong to a conserved Zn-®nger subfamily. (A) The most prominent features of the protein family members are peptide domains/motifs found on known DNA-binding transcription factors. Aligned at the conserved EIN Zn-®ngers, the linear cartoons represent the predicted primary structures of the Drosophila Ner®ns -1 and -2; the C. elegans Egl-46 protein (U64853); the human and murine IA-1 proteins (M93119 and AF044669, respectively); and the murine Mlt-1 protein (BAA92776). Colored shapes denote peptide regions with the following characteristics: the N-terminus SNAG repressor domain (Grimes et al., 1996) of the IA-1 and Mlt-1 proteins (light blue triangles); proline rich sequences (dark blue rectangles); peptide domains rich in charged residues containing acidic and/or basic side chains (yellow ovals); Zn-®nger motifs (red boxes); the histidine/proline rich N-terminus of Ner®n-2 (purple rectangle); glutamine rich peptides (orange boxes); glutamine/histidine rich sequences (orange/green boxes), and glycine rich regions (brown rectangles). (B) Sequence comparison of the 59 amino acid EIN Zn-®nger domain. Note, an additional domain identi®ed in a human retina EST (AA046477) is also included in the alignment. Identical amino acids that occupy greater than 50% of the positions in a column are shown with white letters and red backgrounds with similar residues highlighted by brown shading [similarity criteria according to Lipman and Pearson (1985) ]. Brackets denote Zn-®nger motifs. A consensus sequence showing amino acids that are present in at least ®ve (upper case) or four (lower case) of the seven predicted proteins is shown below the alignment.
is also expressed in subsets of putative neural precursor cells in the developing compound eye but not in other PNS neurogenic centers (Fig. 4B ).
Methods

cDNA library screen
Using standard molecular biology protocols, an unampli®ed 8.5 h old (stage 11) embryonic head cDNA library (1.4 million recombinants) was prepared from 2600 individually dissected embryos. In addition to the supra-and sub-esophageal ganglia, the pooled tissues included gnathal segments and the region of the anterior gut which projects between the cephalic lobes. The plasmid based cDNA library was screened with 32 P radiolabeled cDNAs prepared from both 0.5 and 18 h old whole embryos. Single pass 5 H cDNA sequencing was performed on negative clones to identify uncharacterized genes.
mRNA and protein localization
Standard ®xation protocols of wild-type embryos and larva were followed for mRNA localization and protein immunostaining (Patel, 1994) . Localization of mRNA by whole-mount in situ hybridization was performed according to Kopczynski et al. (1998) . ner®n-1 riboprobes were prepared from cDNA #770 or EST # LD18634.5. For ner®n-2, a 1298 bp genomic fragment, corresponding to AE003685; 135126±136424 bp, was cloned via PCR and employed as a template for the synthesis of a ribo-probe. To visualize mRNA and protein simultaneously, RNA in situ hybridizations were immediately followed by standard protein immunostaining procedures.
Detailed protocols for embryo dissections, cDNA library Fig. 2 . ner®n-1 pan-neural embryonic expression is restricted to central and peripheral nervous system precursors. ner®n-1 mRNA distribution during embryonic development was examined by whole-mount in situ hybridization using a RNA probe. Expression was viewed either in whole-mount, in¯attened embryo ®llets or in dissected ventral cords (developmental staging according to Hartenstein and Campos-Ortega, 1984 ; anterior up in all views). (A±C) Late stage 7 through 9; during this developmental period, ner®n-1 expression is restricted to S1 and S2 CNS NBs including the ventral cord NB1-3 (arrowhead in C) (NB delamination assignments and numbering according to Schmid et al. (1999) ). Although all early delaminating NBs eventually activate ner®n-1 expression, albeit to different steady state message levels, the temporal onset of ner®n-1expression varies among NBs. For example, during the ®rst S1 wave of ventral cord NB delaminations all but the posterior most medial row NBs (the NB7-1) in each hemisegment activated expression shortly before or during their exit from the neuroectoderm. (A1) Lateral view of the ventral neuroectoderm from a late stage 7 embryo showing ner®n-1 expression in a presumptive thoracic NB. Note that the repeated segmental differences in ner®n-1 in situ staining intensity (panels B,C) most likely indicate differences in steady state message levels. For example, ner®n-1 expression in the medial row S1 NB5-2 is signi®cantly higher than that observed in the¯anking S1 NBs, the MP2 and NB7-1 (C). ( preparation and the combined RNA/protein localization are available upon request. Fig. 5 . ner®n-2 expression is con®ned to a subset of embryonic cephalic lobe neurons. Embryos were hybridized in situ with a digoxigenin-labeled antisense RNA probe that corresponds to the 5 H unique region of the ner®n-2 ORF. (A) Stage 11 embryo, dorsal and lateral whole-mount views, respectively. ner®n-2 expression is initially activated in a single putative neuron within each of the cephalic lobes (arrowhead). (B) Late stage 13; starting at mid-stage 12, ner®n-2 expression is observed in three clusters of cephalic lobe neurons. No additional cells, in or outside the CNS, contain detectable levels of ner®n-2 message during embryonic development. Fig. 4 . ner®n-1 expression in larval CNS and in the imaginal eye disc. Dissected larval imaginal discs, brains and ventral cords were hybridized in situ with a ner®n-1 speci®c ribo-probe. (A) Third instar CNS; during larval neurogenesis, ner®n-1 transcripts are detected in brain optic lamina (arrowheads) and in ventral cord GMCs but not in NBs, neurons or glia. Note that during the third instar developmental phase most of the ventral cord proliferation occurs in the thoracic ganglion. (B) Third instar eye/antenna disc; ner®n-1expression is also detected at low levels in eye disc neuronal precursors. Arrowhead indicates the position of the morphogenic furrow.
